P hase-contrast MRI (PC-MRI) can be used to quantify CSF flow at the level of the aqueduct by synchronizing the acquisition of the images with the cardiac cycle.
with PC-MRI may be technically challenging 25 and more sensitive to error than measurements of mean aqueductal flow (aqueductal stroke volume [ASV]), which have been proposed as a tool to predict shunt response in normal pressure hydrocephalus (NPH).
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However, in recent years, an increasing awareness of our incomplete understanding of CSF circulation has arisen, 12 and data from animal studies have demonstrated that water exchange between the paravascular and interstitial space may play a crucial role in both hydrocephalus and clearance of waste products from brain metabolism. 10, 26 In this context, the previous observations of retrograde aqueductal CSF flow should be further explored.
Our study was performed in a cohort of patients with probable idiopathic NPH (iNPH) before and after ventriculoperitoneal shunt surgery. The objective was to determine the net aqueductal flow by PC-MRI-derived net ASV and estimate the CSF aqueductal flow rate in patients with probable iNPH before and after ventriculoperitoneal shunt surgery, and compare observations with intracranial pressure (ICP) scores.
methods patient inclusion and study design
The Regional Ethics Committee, REK South-East, and Institutional Review Board approved this prospective study. Written and oral informed consent was obtained from 28 patients undergoing assessment for probable iNPH within the neurosurgical department. The study included 21 consecutive patients with successfully obtained PC-MRI. The 7 unsuccessful examinations were due to termination of the examination before completion by the patient or technician, or motion artifacts disturbing the PC-MR image quality. In addition to PC-MRI, the patient workup also included a clinical examination with determination of severity of iNPH symptomatology, and overnight ICP monitoring, including determination of the mean ICP wave amplitudes (MWAs). All patients with iNPH who received shunts were offered a second PC-MRI 12 months after surgery.
Two healthy controls underwent PC-MRI for validation of the aqueductal flow measurements. A subset of data from the patient cohort with focus on the utility of ASV (mean ASV) in diagnosing reduced intracranial compliance has been presented previously. 34 
clinical management
Management of patients with iNPH followed the clinical routine at the department of neurosurgery. The severity of symptoms was graded using an NPH grading scale, 22 which assesses the combined severity of gait disturbance, urinary incontinence, and dementia. Each component is graded from 1 to 5, which gives a total score from 3 (worst) to 15 (best). According to this department's routine, the indication for shunt surgery is based on a combination of clinical assessment, radiological assessment, and the results of continuous ICP monitoring, as previously described. 22 The shunt response was defined as an improvement of at least 2 points in the NPH score, and was assessed regularly at 3, 6, and 12 months after shunting.
The neurosurgeon who performed the clinical assessment (P.K.E.) was blinded to all PC-MRI data.
pc-mri technique
All PC-MRI data were acquired on a 3-T MRI scanner (Philips Achieva, Philips Medical Systems) with a 16-channel head coil, and an acquisition plane perpendicular to the aqueduct, with the following parameters: TR = 24 msec, TE = 16 msec, voxel size 0.60 × 0.80 × 4.00 mm 3 , matrix 232 × 175 pixels, FOV 14 cm, velocity encoding 10 cm/sec, and 30-40 phases with retrospective peripheral cardiac gating.
As part of the postprocessing routine, a region of interest (ROI) was manually defined along the outer border of the aqueduct (Fig. 1) by an experienced neuroradiologist (G.R.), using Philips Q-flow software (Philips Medical Systems). The neuroradiologist was blinded to information about clinical NPH score and whether the patient had responded to shunting or not.
Any flow aliasing was corrected by using a simple sinusoid curve alignment with second-order Fourier transformation. A constraint to the PC-MRI method and measurements of aqueductal flow is eddy currents, which may introduce a significant velocity phase offset and cause baseline shift artifacts in the MRI data. 24, 28 In our hospital, this had been corrected for by the vendor of the MRI machine. To minimize noise from nonmoving elements, care was taken to not include periaqueductal tissue in the ROI.
CSF flow in the craniocaudal direction was defined as positive, or antegrade, flow. Net ASV was calculated by subtracting the PC-MRI-derived volumetric estimate of retrograde aqueductal flow from antegrade flow through 1 cardiac cycle.
CSF net aqueductal flow rate per minute was calculated by multiplying net ASV by heart rate. 
icp monitoring
Continuous overnight monitoring of ICP, including MWA, was performed in all patients. As previously described in detail, 22 an ICP sensor was placed in the brain parenchyma through a small bur hole in the skull with the patient under local anesthesia. Overnight monitoring was conducted in the patient ward using a computerized system (Sensometrics AS, dPCom) for automatic identification of individual cardiac-induced single ICP waves. MWA is defined as the pressure difference between the systolic maximum and diastolic minimum pressures, 22 and is determined as the average of all single ICP waves during consecutive 6-second time intervals. The MWA values were determined for the 6-second time windows from 11 Pm to 7 am (i.e., 4800 6-second time windows). Both the average of MWA was determined, as well as the percentage of MWA, as ≥ 5 mm Hg or ≥ 6 mm Hg during the recording period.
Threshold levels of MWA representing an indication for shunt placement are MWA on average ≥ 4 mm Hg (high MWA) and/or percentage of MWA ≥ 5 mm Hg in ≥ 10% of recording time (labeled "high MWA" subgroup).
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statistical analysis
Values of net ASV and estimated CSF aqueductal flow rate for 12 patients before and after shunting were compared using a pairwise Wilcoxon signed-rank test. Different groups were compared using the Mann-Whitney U-test. The significance level was set to 0.05. Statistical analysis was performed using SPSS statistical software (version 20, IBM Corp.).
results patients
From the cohort of 21 patients with clinical signs of iNPH, 17 patients were selected for shunting, 16 of whom had high MWA. The 16 patients with high MWA (94%) responded clinically by an increase in NPH score of at least 2 points, while 1 patient with low MWA (6%) did not respond. Other patient data are presented in Table 1 . Table 2 presents the net ASV values as well as the estimated daily CSF formation rates for all patients with iNPH and the 2 healthy individuals.
Net asv and aqueductal Flow rate before and after shunting
Before shunting, net ASV was a median -5 μl (range -175 to 27 μl) and negative in 16 (76%) of 21 patients. Of 17 patients who underwent shunt placement, 12 returned for a second PC-MRI session 12 months after shunting, where net ASV was increased to a median of 2 μl (range -61 to 30 μl; p = 0.04) and was now negative in 5 (42%) of 12 patients. Aqueductal flow rate increased from -0.56 ml/min (range -12.78 to 0.58 ml/min) before shunt placement to 0.06 ml/min (range -4.51 to 1.93 ml/min) after shunt placement (p = 0.04). Net ASV and aqueductal flow rate before and after shunting are presented in Fig. 2 .
On the subgroup level, net ASV was lower in patients who received shunts (shunt group; -11 μl [range -175 to 11 μl], n = 17) than in patients who did not receive shunts (conservative group; 9 μl [range -4 to 27 μl], n = 4; p = 0.01). Aqueductal flow rate was also lower in the shunt group (-0.77 ml/min [range -12.78 to 0.58 ml/min]) than in the conservative group (0.75 ml/min [range -0.24 to 2.04 ml/min]; p = 0.009).
Net direction of aqueductal Flow and mwa subgroups
Among the 21 patients with iNPH undergoing preoperative assessment of MWA, increased MWA values as defined in the Methods section (high MWA) were found in 17 patients and low MWA values in 4 patients. Prior to shunt placement, negative values of net ASV were found in 14 (82%) of 17 patients with high MWA, and in 1 (25%) of 4 with low MWA (Fig. 3 left) . Net ASV at PC-MRI 12 months after surgery increased in 9 (75%) of 12 patients in the high MWA cohort. In 1 of the 3 patients with a decline in net ASV after shunt placement, aqueductal flow had changed from being net antegrade to net retrograde (Fig. 2 upper) , while the patient had responded clinically to shunt placement. However, this patient was in a severe preoperative clinical state (NPH score of 4 on a scale from 3 to 15), and following shunting, the NPH score was 8, still indicating a poor clinical condition. The estimated aqueductal flow rates in the MWA subgroups (high MWA/low MWA) are presented in Fig. 3 right. 
discussion
The main observation of this study was retrograde net aqueductal flow in the majority of patients with iNPH before shunt placement (Fig. 4) and a change toward antegrade flow after shunting. 
retrograde aqueductal csF Flow
In healthy adults, antegrade aqueductal flow has been demonstrated in several studies using PC-MRI, 25, 27, 33 and this could also be reproduced in our 2 healthy controls. A main observation of our study is net retrograde aqueductal flow in 16 of 21 patients with probable iNPH and a significant change in magnitude of net aqueductal flow toward the antegrade direction after shunting. Reversal of net retrograde aqueductal flow after shunting has previously been reported in smaller patient cohorts. 4, 27, 33 The observed retrograde-directed flow supports an alternative circulation pathway for CSF in iNPH, as suggested by Penn et al., 33 in which CSF is resorbed by the brain parenchyma through the ventricular ependyma and replenished at the outer surface of the brain and medulla. Retrograde aqueductal flow indicates a positive pressure gradient from the ventricles over the ependyma. Such a gradient can be sufficient to enlarge the ventricles 29, 30 and has been demonstrated previously by invasively measured pressure amplitudes in patients with hydrocephalus, which in 1 study was a median 0.4 mm Hg higher in the ventricles than in the parenchyma. 19 The same study also reported reversal of the pulse pressure amplitude difference after shunt placement, which is consistent with our findings of reversal from retrograde to antegrade aqueductal flow in patients with shunts. Reversal of aqueductal flow might also shed light on the mechanism behind ventricular enlargement and the shunt effect, as the positive pressure gradient from ventricle to parenchyma can be hypothesized to be reversed after shunting, and thereby facilitate antegrade flow and reduced ventricular size. A later study on 10 patients from the same research group, 20 however,
was not able to demonstrate any pulse pressure gradients between the ventricles and the subdural compartment. In obstructive hydrocephalus, an alternative pathway for absorption of CSF through the ventricular ependyma was proven decades ago 9, 36 and has later been supported by findings of elevated periventricular brain water content. 10 Our observations of net retrograde aqueductal flow in iNPH suggest that this route for CSF resorption may take place in communicating hydrocephalus as well. Subsequently, CSF resorption through the ventricular ependyma requires that subarachnoid CSF must be replenished from the surface of the CNS, implying a net production of CSF outside the ventricles. This is supported by previous findings of CSF drainage by periarterial flow out of the brain parenchyma. 15, 38 In contrast, Iliff et al., 26 using in vivo 2-photon imaging of small fluorescent tracers, recently demonstrated that CSF enters the parenchyma along paravascular spaces that surround penetrating arteries at the surface of the brain, and the clearance of brain water through the interstitial space toward paravenous routes ("the glymphatic system"). 26 This model supports resorption, and not production, of CSF at the brain surface. However, it was not recorded under which pressure the tracer was injected, rendering the possibility that the tracer was forced in the opposite direction of physiological flow. In our study, we found that net aqueductal flow could be either antegrade or retrograde, which implies that net direction of CSF flow through the brain in both ways is possible, and could be changed by shunt placement. Accordingly, CSF circulation is fundamentally not restricted to one direction or the other, but may rather reflect flow along the pathway of least resistance. In disease with limited capacity for CSF resorption from the surface of the CNS, CSF flow might therefore be redirected into the ventricles and through the ventricular ependyma.
csF Formation rate
Since the experiments carried out by Dandy on 1 dog in 1919, 17 for a long time the choroid plexus has been undisputed by most researchers as the major site of CSF production. More than 50 years ago, Rubin et al. used the ventriculocisternal perfusion technique on patients with tumors and found an average CSF formation rate of 0.37 ml/min and a maximum absorption capacity of 1.3 ml/ min. 35 Other studies have demonstrated values in the same range, 16, 31 and a more recent review article reported an average estimated CSF formation rate of 0.36 ml/min.
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A PC-MRI study of healthy patients suggested an average rate of 0.31 ml/min. 25 Aqueductal CSF flow rates in our study range from -12.78 to 1.93 ml/min and imply CSF formation rates that are profoundly different from those in previous reports.
While invasive indicator techniques for estimating CSF formation rates all use proteins and polar substances designed not to be absorbed into capillaries, 6 a study performed already in 1952 8 demonstrated that water exchanges freely and constantly between the blood, brain, and CSF. This was recently addressed in a review article by Brinker et al. 12 The original data have recently been used to recalculate CSF flow by applying MRI-based volume assessments of the CSF spaces, and flow rates of more than 22 ml/min have been estimated. 5 These values are also larger than the aqueductal flow rates in our cohort of patients with iNPH who did not receive a shunt.
In recent years, the astroglial aquaporin-4 (AQP4) water channel, which is polarized to perivascular astrocytic end feet, has been described in humans.
1 This water channel is expressed at all borders between brain parenchyma and major fluid compartments, 2 and acceleration of hydrocephalus has been shown in AQP4-null mice. 10 Iliff et al.
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demonstrated that a substantial portion of subarachnoid CSF cycles through the interstitial space in the mouse brain, and also found an enlarged extracellular space in mice lacking the AQP4 gene. These observations, indicating that water flux takes place through the vast surface of the brain microvasculature, renders a potential for much larger CSF formation rates than what was previously believed to be limited by the surface of the arachnoid granulations.
Net asv and icp scores
We compared net ASV with invasive ICP scores. The MWAs have proven to be a robust parameter of predicting shunt response in iNPH. 22 The ICP wave amplitudes can be considered a surrogate marker of intracranial compliance (i.e., pressure-volume reserve capacity). 21 Thus, increased MWA values would indicate impaired compliance, or reduced intracranial pressure-volume reserve capacity. The present observations of negative net aqueductal flow in 14 (82%) of 17 patients with high MWA values suggest that impaired intracranial compliance is associated with net CSF flow into the ventricles.
methodological limitations regarding measurements of Net asv
Aqueductal flow measurements have several intrinsic difficulties. The net ASV represents a very small quantity of flow derived from the subtraction of 2 considerably larger values of bidirectional, oscillating flow, and any imprecision in measurements of flow in the antegrade Fig. 2 . Graphic presentation of the PC-MRI-derived indices net ASV (µl; upper) and estimated CSF net aqueductal flow rate (ml/min; lower) for iNPH patients with shunts before (n = 17) and after (n = 12) receiving the shunts, and for conservatively managed patients with iNPH (n = 4). The p values for differences between patients before and after shunt placement were determined by Wilcoxon signed-rank tests.
and retrograde directions would be superimposed on each other. 25 However, good reproducibility has also been demonstrated for the PC-MRI technique for quantification of weak liquid oscillations such as at the aqueduct level.
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A phantom study showed an error of net flow estimates to be approximately ± 10% at typical aqueductal flow rates. 39 Previous investigators have also demonstrated that the calculation of aqueductal stroke volume is less sensitive to inaccuracies from manual selection of ROIs than is the calculation of average flow velocity.
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For estimations of CSF formation rate based on aqueductal flow rate, under the assumption that CSF is entirely produced in the choroid plexus of the supratentorial ventricles, variations have been shown at ± 23.1% on average with PC-MRI using a pixel size of 0.39 mm × 0.39 mm, 25 and these variations were caused solely by manual definition of the aqueduct, which was compared and found inferior to automatic definition that also was immune to image noise. The pixel size in our study was moderate (0.60 mm × 0.80 mm), and high-resolution flow measurements are indeed critical for measurement of net CSF flow over the cardiac cycle used for estimation of supratentorial CSF formation. However, the large aqueductal lumen area associated with hydrocephalus causes more voxels to be included in the ROI and should therefore enhance measurement accuracy. In comparison with these previous studies, our PC-MRI technique also benefits from a higher magnetic field strength (3.0 T vs 1.5 T), a similar or higher temporal resolution (30-40 vs 30 phases), and a thinner image slice (4 vs 6 mm).
Previous studies of test-retest variability in aqueductal flow measurements have focused on healthy subjects. Such validations are also warranted for patients with hydrocephalus, where aqueductal flow is typically much larger than in subjects who are normocephalic. This was beyond the scope of this clinical study. However, the net flow measurements in our 2 healthy subjects demonstrated moderate, net antegrade flow, as could be expected based on results from previous studies. The results from our patient cohort also show a quite consistent tendency toward a moderate, but significant, reduction in retrograde aqueductal flow after shunt placement (Fig. 2) . These observations might therefore indicate that inaccuracies due to measurement error are limited. other study limitations PC-MRI and invasive ICP monitoring for practical reasons could not be recorded simultaneously. PC-MRI was performed during the daytime, and ICP monitoring was performed overnight. It is well known that ICP, including MWA, fluctuates continuously over time due to physiological variations, and it has not been established in any study whether the PC-MRI data retrieved from a short time interval are representative of the daily average one would ideally want to measure.
conclusions
In our study, retrograde net aqueductal flow was demonstrated to be a common phenomenon (82%) in patients with iNPH and impaired intracranial compliance, and after shunt placement, net flow changed significantly in the antegrade direction. The observations may add new insight into the mechanisms behind ventricular enlargement in iNPH and how shunts work. In addition, the findings challenge conventional theories claiming that CSF production takes place mainly in the choroid plexus and resorption at the pacchionian granulations. This study also questions previous estimates of CSF production rates from invasive studies. 
